3 H]fucose incorporation into mouse retinae and subsequent axonal transport of glycoproteins to optic nerve terminals was studied before and during optic nerve demyelination induced by Semliki Forest virus (SFV) infection. As was previously found for [ 3 H]proline-labelled protein, axonally transported glycoprotein was increased before demyelination. Fluorographic analysis of the increased glycoproteins and proteins, after separation by gel electrophoresis, showed particularly large increases in labelling of 2 glycoproteins (38.1 kDa and 45.0 kDa) and 3 protein (15.9 kDa, 23.8 kDa and 27.7 kDa) bands. These increases were due to host-cell rather than viral components. At the time of demyelination, however, [ 3 H]fucose incorporation into retinae of SFV-infected mice was significantly depressed, resulting in reduced label incorporation into axonally transported glycoproteins. Since glycoproteins play a role in axon-glia recognition and adhesion, the early changes in their axonal transport may contribute to the mechanism of demyelination.
INTRODUCTION
Viruses have increasingly been implicated in demyelinating disease in recent years (Koprowski et al:, 1985; Waksman and Reingold, 1986) . Pathophysiological changes found in immunocompetent mice following intraperitoneal inoculation with Semliki Forest virus (SFV) indeed resemble those in patients with multiple sclerosis (Kelly et al., 1982; Tremain and Ikeda, 1983; Ikeda and Tansey, 1986) .
In this virus model of central nervous system demyelination, before the commencement of demyelination, fast axonal transport of protein in optic nerves to superior colliculi was significantly increased . Furthermore, both the increase in axonal transport and demyelination did not follow SFV infection in T cell deficient nude mice (Jenkins et al., 1988) . These findings, together with the fact that maintenance of myelin and axon integrity depend on axonal transport (Droz, 1979; Bray etal., 1981) , led us to hypothesize that axonal transport changes may promote demyelination, perhaps due to abnormal expression of proteins involved in axon-glia interaction.
The glycoprotein component of axonal transport is of particular interest since many of these molecules are destined for incorporation into the axonal plasma membrane, where they may interact with surrounding myelin and play a role in axon-glia recognition and adhesion (McGarry et al., 1985; Hampson and Poduslo, 1987) . We still do not know, however, whether any changes in axonal transport of glycoproteins occur in optic nerves of SFV-infected mice.
We therefore studied axonal transport of [ 3 H]fucose-labelled glycoproteins both preceding and at the height of demyelination. The study consisted of two parts. First, in order to determine the optimal times when any changes in glycoprotein transport resulting from SVF infection occur, time-courses of [ 3 H]fucose incorporation into glycoproteins in the retina, and their subsequent transport to optic nerve terminals, were established. Secondly, to characterize changes in axonally transported components, a fluorographic analysis of axonally transported glycoproteins in comparison with proteins, after separation by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE), was carried out.
METHODS
All reagents were of analytical or electrophoresis grade and were obtained from BDH Ltd, Essex, or the Sigma Chemical Co., Dorset, UK, except where stated.
Animals and virus inoculation
Male Swiss/A 2 G mice, aged 3-3.5 wks, of the St Thomas' Hospital Medical School strain were inoculated (i.p.) either with 0.1 ml of sterile phosphate-buffered saline containing 0.75% (w/v) bovine serum albumin (BAPS), or with the A7(74) strain of SFV in 0.1 ml BAPS. Before the experiments, the virus titre was determined by injecting 10-fold serial dilutions of SFV in 20 fil BAPS intracerebrally into 3-4 day-old suckling mice. The virus injected into experimental mice was equivalent to a 10 45 intracerebral LD 50 , which causes death in suckling mice within 2 -3 days of inoculation.
Intravitreal injections of radiolabels
Detailed procedures for the intravitreal injections performed in these axonal transport studies have been described previously (Pessoa and Ikeda, 1984; Tansey and Ikeda, 1986 ). These are therefore described only briefly, together with minor modifications applied in this study.
While under deep sodium pentobarbitone anaesthesia (50 mg/kg Sagatal; May and Baker Ltd, Essex), each mouse received an injection of radiolabelled glycoprotein or protein precursor into the vitreous of one eye. Intravitreal injections were administered either on postinoculation day (PID) 10 or on PID 18, i.e., 10 or 18 days after i.p. inoculation of SFV or BAPS. These times correspond, respectively, to at least 4 days before demyelination begins and to the period of demyelination (Chew-Lim et al., 1977) . The mice recovered from anaesthesia within 1 h.
Glycoproteins were labelled with L- [5, H]fucose (50 Ci/mmol) and proteins with L-[2,3,4,5-3 H]proline (122 Ci/mmol) obtained at radioactive concentrations of 1 mCi/ml (Amersham International, Bucks, UK). For time-course studies of axonal transport, 1 /jl intravitreal injections of the above radioactive precursor stock solutions were administered and the labelled tissues processed for liquid scintillation counting. To measure the distribution of radiolabel incorporation into glycoproteins and proteins after separation by SDS PAGE, higher radioactive concentrations of the above precursors were needed. Thus precursor stock solutions were lyophilized and dissolved in sterile saline at a radioactive concentration of 25 mCi/ml immediately before intravitreal injection of 2 /*1 of these concentrated solutions.
Time-course study of axonal transport
Following injections of stock radiolabelled precursor, the mice were killed after different survival periods between 8 and 48 h. Full details of the preparation of tissues for determination of radiolabel incorporation have been described previously . Briefly, eyes, optic nerves and superior colliculi were rapidly removed and fixed in 10% (w/v) trichloroacetic acid. After thorough washing with water, the retinae were dissected out and all tissues were weighed when dry. These were next moistened with 20 ji\ water prior to solubilization in 0.3 ml Solusol tissue solubilizer (National Diagnostics Ltd, Bucks, UK). Finally, 5 ml Fluorosol scintillant (National Diagnostics Ltd) were added and radioactivity measured in a Rakbeta 1215 scintillation counter (LKB-Wallac) with quench correction.
Specific radioactivities of retinae, optic nerves and superior colliculi required correction for background radioactivity derived from blood-borne label. This was achieved, for optic nerves and retinae, by subtracting the radioactivity found on the side contralateral to the injected eye from that found in the ipsilateral structures.
On the other hand, since 97% of mouse optic nerve fibres terminate in the contralateral superior colliculus, labelling in the side ipsilateral to the injection was subtracted from the contralateral side. Additional corrections were also found to be necessary. When fast axonal transport to the superior colliculus was abolished by colchicine, which did not affect incorporation of labels into the retina, some acid-precipitable radiolabel was still detected in the optic nerve of the injected eye, even after the above corrections for systemic labelling had been made (unpublished observations). This consistently amounted to 1% of the specific radioactivity of [ 3 H]fucose, and 2% of [ 3 H]proline, in the retina. Hence, these values were subtracted from optic nerve specific radioactivity to calculate the actively transported component. The presence of this radioactivity was apparently due to diffusion of label from the injected eye along the optic nerve (Haley et al., 1979) . Data from control and experimental mice were compared using Student's paired t test.
Fluorographic studies of glycoproteins and proteins
Superior colliculi were rapidly removed 18-48 h following intravitreal injections of the concentrated stock radiolabels and homogenized at 0° C with solubilization buffer to give a concentration of 2% (fresh tissue w/v), and stored at -2 0° C. The solubilization buffer consisted of 62.5 mM tris-chloride, pH 6.7; 2.5% (w/v) SDS; 10% (v/v) glycerol; 5% (v/v) 2-mercaptoethanol; 1 mM dithiothreitol; 0.002% (w/v) bromophenol blue. The following protease inhibitors were also included: 2 mM phenyl methyl sulphonyl fluoride and 4 mM Na 2 EDTA.
Discontinuous SDS PAGE of solubilized tissue was carried out in 7.5 -15% linear gradient gels (0.75 mm thick) using methods based on those of Laemmli (1970) and O'Farrell (1975) . Molecular mass markers used were [ l4 C]methylated proteins (range: 14.3-200 kDa) obtained from Amersham International. To ensure identical treatment of experimental and control samples, they were electrophoresed on the same gel at 20 mA/gel for 30 min (stacking) and 10 mA/gel for 4-5 h (resolving). Gels were then equilibrated with Amplify (Amersham International) and dried on paper for fluorography. To obtain a linear relationship between radioactivity and silver grain density (Laskey and Mills, 1975) , Fuji RX or Kodak X-Omat AR film was preflashed sufficiently to give an increase in background absorbance of 0.1-0.2 units (A 633 ). They were then exposed to the dried gel for up to 40 days at -7 0° C and after development the resulting fluorographs were scanned with an LKB-Ultroscan XL laser densitometer. Data analysis was performed with the aid of LKB 2400 GelScan XL software which integrates the densitometer output and provides molecular weight calibration. Fig. 1 shows the time-courses of incorporation and transport of [ 3 H]fucose in retinae, optic nerves and superior colliculi in SFV-infected and control mice on PID 10. The label appeared at the same time in optic nerves and superior colliculi in both control and SFV-infected mice, suggesting that the rate of fast axonal transport of glycoproteins was not affected by SFV infection.
RESULTS

Time-courses of axonal transport of glycoproteins on PID 10, before demyelination
There were no significant differences in the labelling of glycoproteins between control and SFV-infected mouse retinae ( fig. 1A) , although the level of label incorporation did tend to be slightly higher in the SFV-infected mice than in controls. In both control and SFV-infected mice, the peak levels of [ ]fucose, glycoprotein labelling in superior colliculi of SFV-infected mice was 33-49% higher than in controls (P < 0.05). fig. 3B shows data obtained by the same method, corresponding to the previously reported increase in labelling of axonally transported proteins at optic nerve endings of SFV-infected mice Jenkins et al., 1988) , 18 h after intravitreal injection of [ 3 H]proline on PID 10. The densitograms were obtained by subtracting the mean absorbance values obtained from individual gel tracks containing control material from those corresponding to SFV-infected mice.
Time-courses of axonal transport of glycoproteins on PID 18 at the time of optic nerve demyelination
The total integrated absorbances of the glycoprotein and protein bands were increased by 32% and 85%, respectively, in samples from SFV-infected mice. These observations agree reasonably well with the liquid scintillation counting data, which showed increases in axonally transported glycoproteins and proteins of 49% ( fig. lc) and Jenkins et al., 1988) respectively. The glycoprotein bands were characteristically broad compared with proteins. Table 1 shows the mean integrated absorbances ± SD of bands on fluorograms of gels containing axonally transported glycoproteins and proteins from superior colliculi of 4 control (BAPS) and 5 SFV-infected mouse brains on PID 10. Band numbers correspond to those shown in figs 3 A and B. Several protein bands had M r values below 31 kDa, whereas the lowest M r found amongst the fucose-labelled glycoproteins was 31.2 kDa. This is consistent with previous studies of axonally transported fucosylated proteins in rat brain (Goodrum et al., 1979; Padilla and Morell, 1980a, b) .
No newly expressed glycoprotein or protein bands were seen in superior colliculi in SFV-infected mice. Many glycoprotein and protein bands, respectively, showed increases in radiolabelling of around 30% and 100% in SFV-infected mice. However, 2 glycoprotein bands, G4 (45.0 kDa) and G5 (38.1 kDa) were increased by 68% (P < 0.05), while 3 protein bands with relatively low molecular weights, P13 (27.7 kDa), P15 (23.8 kDa) and P18 (15.9 kDa) showed striking increases (P < 0.05) of about two-fold. subtracted from the 4 BAPS controls. The total integrated absorbance of glycoprotein bands from SFV-infected mice was reduced by 34% ( fig. 2c) , somewhat lower than the 56% decrease determined by liquid scintillation counting. On PID 18, no changes in the fluorographic pattern of axonally transported proteins were found in SFV-infected mice. Table 2 lists the mean integrated absorbances ±SD of bands observed on the fluorogram containing axonally transported glycoproteins from superior colliculi of 4 control (BAPS) and 5 SFV-infected mice, 24 h after intravitreal injection on PID 18. Band numbers correspond to those shown in fig. 4 . Although smaller decreases in the mean labelling of other glycoprotein bands were observed, with band no. 2 showing little change, glycoprotein band numbers 0 and 1 (>200 kDa) showed statistically significant decreases in [ 3 H]fucose labelling on PID 18 (P < 0.025).
Fluorographic analysis of axonally transported glycoproteins and proteins on PID 18 at the time of optic nerve demyelination
DISCUSSION
Changes in glycoprotein transport before demyelination
We have previously shown that a significant increase in fast axonal transport of protein via optic nerves occurs prior to demyelination in SFV-infected mice Jenkins et al., 1988) . Our present enquiry as to whether axonally transported glycoproteins, which play an important role in axon-glia recognition and adhesion (McGarry et al., 1985; Hampson and Poduslo, 1987) , are also increased before demyelination proved affirmative.
Significant increases in the levels of axonally transported glycoproteins were found in superior colliculi of SFV-infected mice 2 4 -4 8 h after injection of the label on PID 10 ( fig. lc) . This period was substantially later than when increased levels of axonally transported proteins were found in the superior colliculi, i.e., 18 h after injection of the precursor (Pessoa and Ikeda, 1984; Tansey and Ikeda, 1986) . The late appearance of this increase may represent more complex glycoprotein types, requiring extended processing in the Golgi apparatus (Specht and Grafstein, 1977; Goodrum etal., 1979) .
Many glycoprotein and protein bands from superior colliculi of SFV-infected mice showed increases in radiolabelling of similar magnitude (Table 1) . Also, as was the case for proteins (Pessoa and Ikeda, 1984; Tansey and Ikeda, 1986) fig. 1A) , nor the rate of glycoprotein transport ( fig. lc) , were significantly altered in SFV-infected mice. This indicates that SFV infection did not result in increased availability of precursor at the retina, but instead caused a stimulation of synthesis and glycosylation of axonally transported proteins. Thus a simple inflammatory response to virus infection, which could cause an increase in endothelial cell permeability (Pober, 1988) , is unlikely to be the cause of the increased fast axonal transport that we observed.
Moreover, the stimulus for increased axonal transport found on PID 10 appears to be selective, since 2 glycoprotein bands (G4 and G5) and 3 protein bands (PI3, P15 and PI8) with relatively low molecular masses showed particularly large increases, whereas bands PI and Gl, with relatively high molecular masses, showed little change (Table 1) . Furthermore, since the apparent M r values of these bands did not correspond to those of known SFV proteins or glycoproteins (Lachmi and Kaariainen, 1977; Bruce et al., 1984) , the changes in axonal transport seem to have occurred as a consequence of the immune response to viral infection, rather than as a direct effect of the virus itself. This observation is indeed consistent with our previous finding that neither axonal transport nor demyelination were observed in T cell deficient (athymic) nude mice when infected with SFV, despite enhanced virus replication (Jenkins et al., 1988) .
One component of axonal transport that might be altered in SFV-infected mice is neural cell adhesion molecule (NCAM), as this could lead to a disturbance of axon-myelin interaction. Indeed, protein band P2 (172 ± 9 kDa), which was increased by 82% (Table 1) , could correspond to the 180 kDa NCAM. It has been shown that the 180 kDa NCAM is the predominant form expressed by neurons (Pollerberg et al., 1985) , and its deficiency has been demonstrated in the dysmyelinating quaking mouse mutant (Bhat and Silberberg, 1988) . If altered axonal transport of NC AM-180 is a characteristic of genetically normal juvenile mice following SFV infection, the possibility that demyelination results from this is worthy of further examination.
We also considered that the changes in axonally transported molecules might include members of the heat shock protein family, which are expressed in response to several types of physiological stress. However, these seem to be carried by slow axonal transport (Clark and Brown, 1985) . An increase in slow axonal transport of proteins has been shown to occur only concurrently with demyelination, and hence it is unlikely to be a cause of demyelination .
Changes in glycoprotein transport at the time of demyelination
In contrast to the increased axonal transport before demyelination (PID 10), glycoprotein transport was reduced at the time of demyelination on PID 18 ( fig. 2c) . Changes in the level of fucosylation in retinae of SFV-infected mice on PID 10 were absent ( fig. 1A) , whereas retinal fucose incorporation on PID 18 ( fig. 2A ) was reduced by about 50%. Thus the reduction in axonal transport of glycoprotein was due to reduced fucosylation at the retina. The effects of such a decrease are difficult to predict without further information concerning the nature of the glycoproteins affected. It should be noted that the glycoproteins which showed decreased labelling on PID 18 were quite distinct from those which were increased on PID 10. The reduction in transport of glycoproteins cannot have been directly due to the virus itself since replication of SFV within the CNS ceases within a week after SFV inoculation (Illavia et al., 1982; Pathak and Webb, 1988) , and is cleared within 12days (Jagelman et al., 1978) . It seems more likely that this change was a consequence of demyelination, since myelin loss occurs from PID 14 (Chew-Lim et al., 1977) .
Conclusion
In SFV-infected mice, axonal transport of glycoproteins in optic nerves, like proteins, was significantly increased before demyelination. On the other hand, at the time of demyelination, axonal transport of glycoproteins was decreased due to reduced fucosylation at the retina. These findings give further support to our hypothesis that abnormal increases in axonal transport may be a causative factor for demyelination. In addition, changes in the composition of axonally transported molecules are sustained well beyond the period of virus replication. Many glycoprotein and protein bands from the superior colliculus showed increases but the M r values for these bands did not correspond to those of known SFV proteins or glycoproteins. This is consistent with our earlier findings that both axonal transport changes and demyelination are consequences of the immune response. Further analysis of axonally transported molecules using methods with greater resolution and sensitivity is necessary before we may identify the molecules that contribute to the changes found in this study.
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